The microbial reductive dechlorination of chlorinated solvents is a redox reaction in which the chlorinated carbon receives electrons from a suitable electron donor. Hexachloro-1,3-butadiene (HCBD) is a particularly recalcitrant chlorinated solvent. Its slow, cyanocobalamin-dependent biochemical dechlorination by mixed microbial consortia had been previously demonstrated. This study shows that the reductive dechlorination reaction of HCBD can be monitored in situ by recording the redox potential (E Ag/AgCl ). The addition of HCBD to mixed anaerobic consortia triggered a rise of E Ag/AgCl and the formation of dechlorinated endproducts. This indicated that the change in E Ag/AgCl was linked to the dechlorination of HCBD. Total concentration of dechlorinated endproducts (C4 gases) equated to approximately 50% of HCBD added. The rise and subsequent fall in E Ag/AgCl after the addition of HCBD caused a peak. Peak areas obtained, from the change in E Ag/AgCl , provided an indication of the amount of HCBD dechlorinated. Moreover, the saturation concentration of HCBD can be estimated from peak heights. This online monitoring of HCBD reductive dechlorination could potentially be used for improved process control of bioremediation reactors and on-site as online biosensors. Online monitoring of HCBD dechlorination via redox potential offers both reliability and portability at a low cost. In addition, this novel and innovative technique could potentially be used to monitor the dechlorination of contaminants other than HCBD.
Introduction
Hexachloro-1,3-butadiene (HCBD) is a toxic, aliphatic chlorinated hydrocarbon. It is carcinogenic, mutagenic and fetotoxic, and is produced as a by-product from the production of tetrachloroethene, trichloroethene and carbon tetrachloride (Booker and Pavlostathis, 2000) . It was also used as fungicide, herbicide and heat transformer fluid (Verschueren, 1996) . The world annual production was estimated to be 10,000 tonnes in 1982 (IPCS, 1994) and the calculated emission of HCBD in Europe for the year 2000 was 2.59 tonnes/year (Van der Honing, 2007) .
Due to the highly oxidized state of the carbon atoms in HCBD and the highly electronegative halogen substituents, biodegradation in the form of reductive dechlorination is more likely to occur than the more traditional biodegradation via oxidative processes (Pavlostathis et al., 2002) . Only few studies are published on the microbial dechlorination of HCBD and a slow dechlorination has been documented resulting in the formation of partly dechlorinated products such as pentachlorobutadiene, tetrachlorobutadiene, trichlorobutadiene and dichlorobutadiene (Bosma et al., 1994 and Booker and Pavlostathis, 2000) . The complete dechlorination of HCBD has recently been described as a process in which the presence of cyanocobalamin was essential as an electron shuttle between mixed microbial consortia and HCBD (James et al., 2008) .
In the process of microbial reductive dechlorination, bacteria use chlorinated species as the electron acceptor. Hence, in the presence of dechlorinating bacteria, the presence of a chlorinated solvent represents oxidative power. Highly reduced anaerobic environments, (indicated by a low redox potential) typical for methanogenesis, have been found to be a requisite for the reductive dechlorination of halogenated compounds (i.e., the substitution of halogen atoms by hydrogen atoms) (Stuart et al., 1999 (Ensley, 1991 , Furukawa et al., 2005 , Burris et al., 1996 , Gantzer and Wackett, 1991 , Glod et al., 1997 and Jablonski and Ferry, 1992 . These reactions have been reported to occur cometabolically or coupled to energy generating reactions where PCE serves as an electron acceptor (Fathepure et al., 1987 , Gerritse et al., 1996 and Holliger et al., 1993 .
Several studies have shown that low redox potentials are required for dechlorination (Pardue et al., 1988 , Masscheleyn et al., 1991 , Schumacher et al., 1997 , Stuart et al., 1999 , Arnold and Roberts, 2000 , Olivas et al., 2002 and Shimomura and Sanford, 2005 . The highest rates of dechlorination were observed at lowest redox potentials tested (E Ag/AgCl = −348 mV) ( Olivas et al., 2002) . Shulder (2006) noted that redox potential measurements can be an effective control parameter for maintaining an oxidizing, or reducing environment. For example, redox potential measurement was used to control the bioleaching of chalcopyrite (Third et al., 2002) by maintaining conditions that were neither too reduced nor oxidized for optimum process conditions. While redox potential measurements have been used to confirm that sufficient reducing conditions were present to enable dechlorination, to our knowledge they have not been described as a method for the monitoring the reductive dechlorination of substances such as HCBD.
HCBD and other chlorinated solvents are known to be toxic to dechlorinating bacteria (Blum and Speece, 1991) and a stalling of the dechlorination reaction has been documented (James et al., 2008) . Hence, to avoid toxicity and stalling, these solvents need to be added 'ondemand'. This requires the online detection of the presence of chlorinated species.
The aim of this paper was to evaluate the possibility of using redox potential measurement during the microbial reductive dechlorination of a suitable chlorinated solvent (HCBD) for online detection of ongoing dechlorination.
Materials and methods

Materials
Anaerobic digested effluent
The thermophilic anaerobic inoculum and liquid was obtained from a laboratory scale anaerobic digestion process that combined composting and thermophilic anaerobic digestion in a single closed vessel under batch conditions (Walker et al., 2006 archaeal groups were also found, but at lower levels. The eubacterial communities in the laboratory scale reactor were dominated by Prevotella spp. and Thermodesulfobacterium (up to 16% of total eubacterial communities). Thermophilic bacteria from anaerobic digested effluent were used because HCBD dechlorination rates were 16-fold higher compared to activated sludge.
Reactor set-up
Hundred millilitres of anaerobic digested effluent was filled into a Schott ® bottle and covered with a rubber stopper. A Schott ® bottle cap, with a 3 cm diameter hole drilled through its top, was used to screw down the rubber stopper onto the Schott ® bottle. A redox probe (referenced to Ag/AgCl) was inserted through a hole made in the middle of the rubber stopper. No loss of HCBD was identified from the use of the rubber stopper. The Schott ® bottle was immersed in a 500 mL water bath controlled at 55 °C ( Fig. 1 ).
Methods
Dechlorination experiment
Acetate ( The same gas was used to deoxygenate all solutions. Cultures were incubated at 55 °C.
Culture conditions for redox potential measurements
The anaerobic digested effluent was supplemented with acetate (40 mM) and cyanocobalamin (0.1 mM) and agitated at 180 revolutions per minute. Agitation and temperature control were provided via a stirrer (IKA ® RCT BASIC (Stuart et al., 1999) .
Sampling and analyses
Hydrocarbons and chlorinated hydrocarbons were analysed by headspace sub-sampling at each sampling time. Three hundred microlitres of the effluent vessel headspace was removed via a gas-tight syringe (Hamilton, 500 μL) and injected onto a Hewlett Packard 5890 series II gas chromatograph (GC) equipped with a split/splitless inlet operated in splitless mode and a Hewlett Packard 5972 mass selective detector (MSD). Chlorinated hydrocarbon separation was achieved on a DB-17MS column (30 m × 0.25 mm (internal diameter) × 0.25 μm film thickness) (J&W scientific, Folsom, CA, USA) using helium as the carrier gas at a flow rate of 1 mL/min. The column was subjected to the following temperature program: 50 °C for 1 min and then increased by 15 °C/min to a final temperature of 300 °C and then held for 5 min. Chlorine-free hydrocarbons were separated on a GASPRO (GS) column (60 m × 0.32 mm internal diameter) (J&W scientific, Folsom, CA, USA) with the same temperature program as specified for chlorinated hydrocarbons. The MSD was operated in scan mode across the range of 49-300 amu in both cases. Spectral scans were compared to scans from Fattore et al. (1996) . The detection limit was 0.02 nmoles (4.08 μM).
Chlorine-free hydrocarbons namely 1,3-butadiene,1-buten-3-yne and 1,3-butadiyne (collectively labelled C4 gases) were quantified by using a calibration curve derived from analysis of standard gas samples of 1,3-butadiene in nitrogen over the concentration range of 0.1-1.6 mmol/L. Due to the lack of availability of 1,3-butadiyne and 1-buten-3-yne as pure substances, an assumption was made that the MSD response to these compounds in full scan mode will be similar to that of 1,3-butadiene. 
Calibration of redox electrodes
Calculations
Redox potentials were recorded online via LabView ® (National Instruments) every 10 s. The recorded redox potentials were averaged using a running average of 10 values to achieve a smooth plot of E Ag/AgCl vs. time. The rate of redox potential change was then obtained from the gradient of the averaged records.
Results and discussion
Online monitoring of HCBD dechlorination
Highly reduced anaerobic environments are a pre-requisite for the reductive dechlorination of HCBD. Based on our preliminary study, a typical E Ag/AgCl suitable for HCBD dechlorination was around −550 mV ( Fig. 2) . In view of the fact that HCBD is the only oxidizing agent and dechlorination of HCBD is simply a transfer of electrons onto HCBD, the dechlorination process should be able to be monitored by the change of redox potential. A series of experiments were performed to investigate the relationship between redox potential and HCBD dechlorination, and the possibility of using E Ag/AgCl measurements as a means of monitoring HCBD dechlorination. In this study, the dechlorination was obtained using thermophilic microbes from anaerobic digested effluent incubated in their natural supernatant in the presence of cyanocobalamin.
When incubating the thermophilic anaerobic culture at 55 °C with acetate as the electron donor, the redox potential decreased initially rapidly and more slowly towards the end reaching a minimum of −530 mV within 12 h (Fig. 2) . However, dechlorination could only be observed when cyanocobalamin was present (Fig. 3) . Interestingly, the presence of cyanocobalamin enabled the bacteria to reach a lower redox potential (−550 mV) (Fig. 2) . As the microbial reductive dechlorination of HCBD requires the presence of cyanocobalamin (James et al., 2008 ; Fig. 3 ), it could be suggested that the key role of cyanocobalamin in enabling HCBD dechlorination is in its role of lowering of the redox potential. At that low redox potential, cyanocobalamin is itself reduced which then transfers the electrons required for HCBD dechlorination.
The addition of HCBD caused a sudden increase in E Ag/AgCl by about 100 mV ( Fig. 4) . This increase signifies the presence of a suitable electron acceptor and its reduction (here dechlorination) by making available an oxidizing half reaction (Eq. (2)). Within approximately 5 h, the redox potential decreased back to its original value ( Fig. 4) . To confirm that the peak in redox potential observed was linked to the use of reducing power in the microbial system, the dechlorination reaction was recorded by monitoring the dechlorinated endproducts (C4 gases). Equation (2) C 4 Cl 6 + 6H + + 12e − → C 4 H 6 + 6Cl − Over the time E Ag/AgCl increased and fell back to its original value, the formation of dechlorination products indicated that the change in E Ag/AgCl was linked to the dechlorination of HCBD. This effect was reproducible and allowed an electrochemical monitoring of the dechlorination reaction. Total concentration of C4 gases produced over 3 injections equated to approximately 50% of HCBD added to the solution ( Fig. 4) .
Repeat experiments in the absence of cyanocobalamin showed that HCBD addition only caused a marginal short term increase in redox potential (Fig. 5 ) and no detectable endproduct or intermediates, which is in line with the original results that cyanocobalamin is necessary for complete dechlorination (James et al., 2008 ; Fig. 1 ).
The presence of partly dechlorinated by-products pentachlorobutadiene, tetrachlorobutadiene, trichlorobutadiene and dichlorobutadiene were not monitored in this paper. The possibility of partly dechlorinated by-products affecting the redox potential of the reactor would need to be considered as they could act as oxidizing or reducing species. However, it has been established repeatedly that the cyanocobalamin-dependent dechlorination of HCBD does not form significant quantities of partly dechlorinated species (James et al., 2008) .
The fact that E Ag/AgCl dropped back to its original value was interpreted as the depletion of the oxidant (here HCBD). The fact that repeat injections of very low concentrations of HCBD caused a peak in E Ag/AgCl , over the duration of its reductive dechlorination, suggests that the E Ag/AgCl could be used as an online parameter for an automated feeding regime, supplying new HCBD on demand and possibly avoiding the build-up of inhibitory concentrations of HCBD.
In the absence of HCBD and the presence of acetate as the electron donor, the typical E Ag/AgCl of the anaerobic digested effluent was around −550 mV. This value is more negative than what would be expected from the reduction potential of the acetate bicarbonate couple (E Ag/AgCl = −489 mV) ( Kaden et al., 2002) . This observation could be explained by the presence of biologically synthesized organic species of a more negative redox potential such as a sugar or perhaps pyruvic acid.
To assess the reduction capacity of this anaerobic culture, a trace small amount of H 2 O 2 was added, sufficient to increase the E Ag/AgCl to −300 mV, but high enough to produce or to be still present in the experiment. Within 60 min, the microbial communities in the anaerobic digested effluent reduced the E Ag/AgCl from −300 mV to the original E Ag/AgCl of −550 mV (   Fig. 6) . The rate of change of the E Ag/AgCl show that the reaction rate was slowing down as the E Ag/AgCl approached −560 mV. Overall, a polynomial regression analysis best described effect of E Ag/AgCl on the rate of its change ( Fig. 7) . Interestingly, also a linear portion existed in the curve ( Fig. 8) as would be expected from reactions of first order. The intercept of about −560 mV with the E Ag/AgCl axis indicated the lowest redox potential that could be reached.
Under the assumption that the rate of change in E Ag/AgCl reflects the rate of microbial reduction of oxidized species, one could deduce that at higher E Ag/AgCl values the dechlorination proceeds at a faster rate. With more detailed studies (such as redox calibration curves), it should be possible to read the rate of the real time dechlorination reaction from the E Ag/AgCl obtained. However, this was beyond the scope of this study.
With increasing concentrations of HCBD (0.64-32 μM) added, the E Ag/AgCl of the anaerobic digested effluent increased for longer times and to higher values (data not shown). From the fact that the rate at which bacteria decreased the E Ag/AgCl after oxidation with H 2 O 2 ( Fig. 6) and on the assumption that the redox buffer capacity (capacitance) of the system was uniform over the redox potentials tested, it can be assumed that a more positive redox potential implies a faster rate of dechlorination. Independent of this assumption, a larger peak area (as established by numerical integration) represents a greater amount of HCBD dechlorination (   Fig. 9 ).
This online monitoring of HCBD reductive dechlorination could potentially be used to monitor the dechlorination of other chlorinated solvents and for improved process control of bioremediation reactors. To our knowledge, the online detection and monitoring of dechlorination using redox potential has not been reported in the literature.
Conclusions
• The change in E Ag/AgCl can be linked to the dechlorination of HCBD. The peak in redox potential can be linked to the formation of dechlorination products.
• With increasing concentrations of HCBD (0.32-16 μM) added, the E Ag/AgCl of the anaerobic digested effluent increased for longer times and to higher values.
• E Ag/AgCl could be used as an online parameter for an automated feeding regime, supplying new HCBD on demand and possibly avoiding the build-up of inhibitory concentrations of HCBD, and could be used to monitor the dechlorination of other chlorinated solvents.
1. Reactor set-up, showing a stirred anaerobic batch reactor with a built-in, computer monitored redox probe in a stirred water bath for temperature control at 55 °C. 
